An automated method for tunnel deformation monitoring using high density point clouds data is presented. Firstly, the 3D point clouds data are converted to two -dimensional surface by projection on the XOY plane, the projection point set of central axis on XOY plane named Uxoy is calculated by combining the Alpha Shape algorithm with RANSAC ( Random Sampling Consistency ) algorithm, and then the projection point set of central axis on YOZ plane named Uyoz is obtained by highest and lowest points which are extracted by intersecting straight lines that through each point of Uxoy and perpendicular to the two -dimensional surface with the tunnel point clouds, Uxoy and Uyoz together form the 3D center axis finally. Secondly, the buffer of each cross section is calculated by K-Nearest neighbor algorithm, and the initial cross-sectional point set is quickly constructed by projection method. Finally, the cross sections are denoised and the section lines are fitted using the method of iterative ellipse fitting. In order to improve the accuracy of the cross section, a fine adjustment method is proposed to rotate the initial sectional plane around the intercept point in the horizontal and vertical direction within the buffer. The proposed method is used in Shanghai subway tunnel, and the deformation of each section in the direction of 0 to 360 degrees is calculated. The result shows that the cross sections becomes flat circles from regular circles due to the great pressure at the top of the tunnel.
INTRODUCTION
In recent years, with the rapid expansion of the city, the subway has become one of the major way of transport, the scale of subway project construction is expanding. Carrying out precise, fast and automated deformation monitoring of the subway, especially the subway in operation is so necessary. Although the accuracy of traditional deformation monitoring method (such as total station, convergence meter and so on) for subway tunnel is MMS can obtain absolute coordinates of point cloud directly, it is usually need to rotate the tunnel point clouds and make it parallel to a certain axis before projecting them onto 2D plane (Kang et al., 2014) , the process is eliminated in our method and the amount of computation is reduced. Secondly, the construction speed of cross sectional point set is increased by constructing the buffer of each section in the method of k-nearest neighbor. Thirdly, a denoising method of iterative ellipse fitting is proposed, combining the fitting of the sectional curve line with the denoising of the sectional point set. Thirdly, in order to reduce the error, we make the initial cross sectional planes rotate in the horizontal and vertical directions at a certain angular interval around their respective intercept points by iteration and choose the optimal cross section at every intersect point as the final result. Finally, the method is validated by the data obtained by reverse measurement for the same tunnel. The specific process of the method is as follows.
CALCULATION OF CENTRAL AXIS
The central axis is a spatial curve line which can expresses the posture and trend of the tunnel. The cross sectional plane orthogonal to tunnel can be calculated through the tangent vector of each point at central axis. Because of the complicated calculation of spatial curve line, the most commonly used method is to reduce the dimension, that is, project threedimensional point cloud data to two-dimensional plane or convert it into a two-dimensional image to extract the central axis.
As the MMS can obtain absolute coordinates of point cloud directly and the amount of data is very large. In order to avoid the process of rotating point clouds to make it parallel to a certain axis and then project them to two-dimensional plane in traditional method. The extraction of central axis is divided into two parts in our method, namely extraction of central axis points of XOY plane (Uxoy) and extraction of central axis points of YOZ plane (Uyoz). When the point sets Uxoy and Uyoz are all calculated, quadratic curve equation is used to fit the two sets respectively and central axis of tunnel can be obtained using equation 1.
Extraction of central axis points on XOY plane
Firstly, the 3D point cloud data is projected onto XOY plane and the boundary point set is detected through Alpha shape algorithm.
And then, the method of Kang (Kang et al., 2014 ) is used to calculate the projection point set of center axis in XOY plane named Uxoy.
Boundary point set detection:
The alpha shape algorithm (Edelsbrunner et al., 1983 ) is used to detect the boundary of the point cloud on XOY plane. It is an effective way to extract the contour of discrete point. Suppose that a circle with radius α is scrolled outside point set P, the circle will not scroll to the interior of the point set when α is large enough, and the circle's traces are the boundary of set. Each point in point set P is the boundary point if the radius α tends to infinity small and the trajectory of circle is a convex hull of P if the radius α tends to infinity large. The size of radius α controls the fine degree of contour extraction. 
As the tunnel lining contains bolt holes and other appendages, leading to the unused points which named as noise in original point cloud data. Therefore, we use a random sampling consistency (RANSAC) algorithm (Fischler et al, 1981 ) with good anti-noise effect to estimate the parameters of equation.
In order to improve the accuracy of the central axis, a method of Kang (Kang et al., 2014) And then the method of 2.1 is used to calculate the central axis point set Uyoz. In order to avoid the problem that the point clouds are sheltered by device in data acquisition process, we moved the point set Uxoy to the left (or right) for a certain distance τ before searching for the highest and lowest points (the red arrow shown in the figure) , and the size of τ must bigger than radius of the orbit and smaller than inner radius of tunnel. should first be blocked in order to improve the efficiency.
Calculation of cross-sectional buffer:
In order to calculate the buffer of each section, the point clouds and sectional planes should be projected onto XOY plane first. Each sectional plane is a line after projection and has two intersection points with boundary lines, as in figure 3 , the initial sectional plane intersects the boundary lines at points 11 and 21 after projection. And then, a certain number of points 1 (red dots in figure 3 ) are selected for the interval of ε between 1 and 2 , and the K-nearest neighbor method (Wu et al., 2007 ) is used to build the buffer of the cross section by searching point clouds for each point in the point set 1 using a certain number n (the size of the n is determined experimentally to ensure that the radius of buffer is greater than or equal to ε). The buffer will increase with the increment of ε, and the corresponding calculation is also greater. Therefore, we should select a appropriate ε value based on the actual data in order to take into account the efficiency and accuracy simultaneously. 
Denoising of sectional points and fitting of sectional lines
The presence of the ancillary facilities in tunnel resulted in the presence of noise in tunnel sectional points, so it is necessary to remove unused points. There are a lot of mature filtering algorithm in the processing of airborne point cloud data (Dufour et al, 2013; Vosselman, 2000) , and vehicle point cloud filter method is usually do some improvements on the basis of airborne point cloud filter algorithm. But many airborne filtering algorithms do not suitable for the tunnel for its special shape, and the tunnel cross section could be considered as an ellipse which is close to the standard circle after deformation (Walton et al, 2014) . So an iterative elliptical fitting method is proposed to filter the noise in cross sectional points.
Because of the complicate of 3D curve line fitting, it is necessary to rotate the normal of each cross section and make it parallel to y-axis, and then fit the cross sectional curve line according to the X coordinates and Z coordinates. In the filtering method, the noise can be removed according to the distance from the points to the fitted ellipse, and the RANSAC algorithm is used to estimate the parameters of ellipse fitting. The specific filtering process is as follows:
First, the initial ellipse of cross-sectional points with noise is fitted using RANSAC algorithm, and the initial parameters 
If | − | > 2 , the cross section points are considered to be the noise and removed, meanwhile, using the denoised cross sectional points of first iteration to fit the cross sectional line in the second iteration until all the noise is filtered.
Adjustment of the cross section
The cross sections are extracted on the basis of central axis in our method. However, the central axis still exists fitting error even with a very fine method in extraction process, resulting in the error of initial cross section point set. In addition, the error in data acquisition process also impact the accuracy of initial cross section. Therefore, a fine adjustment method is proposed to make the final cross sections closer to the theoretical one, it make each initial cross section plane rotate at a certain angle in the horizontal and vertical directions within the buffer zone, as shown in figure 4 , the black circle is assumed to be the initial cross section plane, the red circle is the result of initial cross sectional plane rotation around the intercept point in horizontal plane and the blue circle is the result of the initial cross sectional plane rotation around the intercept point in vertical plane. Then the method of 3.1 is used to obtain the sectional points set and the method of 3.2 is used to filter the noise and fit the section curve line after each rotation process. Finally, it is considered that the cross section which has the minimum area at every The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLII-2/W7, 2017 ISPRS Geospatial Week 2017 , 18-22 September 2017 As in table 3, there are still some noises on the lining of tunnel have not been filtered when the number of iteration n is equal to 8, but the noises are better filtered and the sectional curve line is better fitted when the number of iteration n exceeds 10.
Experiments show that the number of cross sectional point set is basically stable when the number of iterations exceeds 10 and almost no noise can be delete. n=8 n=10 n=12 Table 3 . Result of different number of iterations Finally, the noise are filtered and the sectional curve line are fitted of every cross sectional sets at every rotation angle by iteration and the areas of the sections are calculated using the parameters of sectional curve line. The cross sectional point sets with minimum areas will be selected as the final ones. Figure 10 is the denoising result of the final cross sectional point sets. In order to increase the accuracy of the cross section, we adopt a fine adjustment method to rotate the initial cross sectional plane in horizontal and vertical direction and choose the section with the minimum area as the optimal one. The reverse measurement data of the same tunnel is used to verify our method. Finally, the method in this paper is applied to the real tunnel and analyzed its deformation. Our method can be used for point cloud data obtained through exchanging station and later stitching, or obtained directly by moving laser scanning technology. However, there is still need for improvement in the method, such as the denoising process of the point cloud may remove some minor deformation points, and in the fine adjustment method of the cross-section, we use the area of the sectional curve line which obtained by fitting method to measure the size of the cross section may lead to some errors and we will study how to improve his accuracy in the future research.
